Background and purpose: Mexiletine (Mex), an orally effective antiarrhythmic agent used to treat ventricular arrhythmias, has also been found to be effective for myotonia and neuropathic pain. It is extensively metabolized in humans but little information exists about the pharmacodynamic properties of its metabolites. Experimental approach: To determine their contribution to the clinical activity of Mex, p-hydroxy-mexiletine (PHM), hydroxy-methyl-mexiletine (HMM), N-hydroxy-mexiletine (NHM) (phase I reaction products) and N-carbonyloxy b-Dglucuronide (NMG) (phase II reaction product) were tested on sodium currents (I Na ) of frog skeletal muscle fibres. Sodium currents were elicited with depolarizing pulses from different holding potentials (HP ¼ À140, À100, À70 mV) and stimulation frequencies (0.25, 0.5, 1, 2, 5, 10 Hz) using the vaseline-gap voltage-clamp method. Key results: All the hydroxylated derivatives blocked the sodium channel in a voltage-and use-dependent manner. The PHM, HMM and NHM metabolites were up to 10-fold less effective than the parent compound. However, HMM showed a greater use-dependent behaviour (10 Hz), compared to Mex and the other metabolites. Similar to Mex, these products behaved as inactivating channel blockers. Conjugation with glucuronic acid (NMG) resulted in almost complete abolition of the pharmacological activity of the parent compound. Conclusions and Implications: Thus, although less potent, the phase I metabolites tested demonstrated similar pharmacological behaviour to Mex and might contribute to its clinical profile.
Introduction
Mexiletine (Mex), an orally effective antiarrhythmic agent with use-dependent sodium channel-blocking properties, is used for acute and chronic treatment of ventricular arrhythmia (Campbell et al., 1978b; Roden, 2001) . Also, it is among the few drugs used to reduce or prevent myotonia (Cannon, 1996; Ptacek, 1998; Lehmann-Horn and Jurkat-Rott, 1999) , to treat long QT-3 syndrome (Schwarts et al., 1995) and to alleviate neuropathic pain (Chabal et al., 1992) . Mex is of particular value because of its relatively long half-life (t 1/2 9-12 h) in normal subjects and its suitability for either parenteral or oral administration (Gillis and Kates, 1984) . A characteristic of Mex therapy is the large interindividual variations in serum levels after a given dose, which often require monitoring of the plasma concentration and an adjustment of the dose to ensure efficacy and reduce the side effects of the drug at cardiac and central nervous system levels (Campbell et al., 1978b; Labbe and Turgeon, 1999) .
The predominant factor influencing plasma concentrations of Mex is the ability of the liver to process the drug. The importance of metabolism is emphasized by reports that less than 25% of a dose is recovered unchanged in human urine over 3 days (Beckett and Chidomere, 1977b; Prescott et al., 1977) . The metabolic degradation proceeds via various pathways including carbon and nitrogen oxidation, deamination, methylation and reduction reactions that are mediated by hepatic microsomal cytochrome P450 (CYP) enzymes (Beckett and Chidomere, 1977a, b; Labbe et al., 2003) . In particular, hydroxy-methyl-mexiletine (HMM) and the p-hydroxy-mexiletine (PHM), formed by hydroxylation of the aliphatic or aromatic moieties of the drug, respectively, and their corresponding alcohols represent up to 20% of the total metabolites of Mex eliminated in urine (Beckett and Chidomere, 1977a) . Metabolites, as well as Mex, undergo a further conjugation with glucuronic acid during the phase II metabolism. Among the glucuronide derivatives, the major one, directly derived from Mex, is N-carbonyloxy-b-Dglucuronide metabolite (Senda et al., 2003) . In addition, Mex metabolism may occur through stereoselective pathways both in vitro (Vandamme et al., 1993) , and in vivo (Fieger and Wainer, 1993; Knoche et al., 1996) . In fact Mex, clinically administered as a racemic mixture, possesses a chiral centre and pharmacodynamic and pharmacokinetic differences have been described for the two enantiomers (GrechBélanger et al., 1986; Hill et al., 1988; Turgeon et al., 1991; De Luca et al., 1995) .
Although it has, anecdotically, been reported that Mex metabolites are without biological activity (Labbe and Turgeon, 1999) , no experimental evidence is available to support this view. Thus, evaluation of the pharmacodynamic properties of Mex metabolites is important, especially as the available data on the pharmacokinetic properties of the most abundant metabolites suggest that they might significantly contribute to the clinical effects of Mex. In fact, Paczkowski et al. (1990) found that the values of the elimination rate constant (l m ), elimination half-life (t 1/2 ) and mean residence time obtained for Mex and its metabolites, HMM and PHM, following a single oral administration in healthy subjects, were not significantly different. In addition, the peak serum concentration (C max ), after 4 h, was similar for Mex and HMM, being 0.6870.11 and 0.5170.09 mg ml
À1
, respectively (Paczkowski et al., 1990) . Furthermore, it has been reported that the excretion rate of Mex varies between healthy individual subjects, sometimes being even higher than that of its metabolites (Beckett and Chidomere, 1977b) . In a preliminary report, we have shown that the PHM metabolite maintains the ability to block I Na on skeletal muscle, in a usedependent manner (Catalano et al., 2004) .
These observations led us to investigate in more detail the pharmacological activity of the Mex metabolites, in vitro on I Na of skeletal muscle fibres in order to verify their possible involvement in the clinical activity of Mex. Thus, in the present work, the effects of the major metabolites, as racemates and enantiomers, PHM, HMM, N-hydroxy-mexiletine (NHM) (phase I reaction products) and N-carbonyloxy b-D-glucuronide (NMG) (phase II reaction products) were evaluated on I Na of native frog skeletal muscle fibres by means of voltage-clamp recordings (De Luca et al., 2000 . Taken together, the present results indicate that all the tested metabolites of phase I, although less potent than the parent compound, behaved as use-dependent and inactivating channel blockers, and might partially contribute to the therapeutic efficacy and/or to the long duration of action of Mex.
Methods
Fibre preparation and voltage-clamp apparatus All experiments were performed in vitro on native muscle fibres obtained by microsurgery from the semitendinosus muscle of Rana esculenta bathed in normal physiological solution (in mM: NaCl 115, KCl 2.5, CaCl 2 1.8, Na 2 H-PO 4 Á 12H 2 O 2.15, NaH 2 PO 4 Á H 2 O 0.85; pH ¼ 7.3). The cutend fibre was bathed with a potassium-free internal solution (in mM: CsF 105, MOPS sodium salt 5, MgSO 4 2, ethyleneglycol-bis(aminoethylether)-tetraacetic acid 5, Na 2 ATP 0.55; the pH was set to 7.2 with NaOH) and mounted on a three-vaseline gap voltage-clamp chamber, as described previously (De Luca et al., 1995 . Four KCl/agar bridge electrodes connected the recording chamber to the voltageclamp amplifier based on methods described by Hille and Campbell (1976) . The solution in the central pool A was then replaced with the external solution (in mM: NaCl 77, KCl 2.5, Choline-Cl 38, CaCl 2 1.8, Na 2 HPO 4 Á 12H 2 O 2.15, NaH 2 PO 4 Á H 2 O 0.85; pH ¼ 7.3). The mean value of membrane area in this pool, from which sodium currents (I Na ) were recorded, was 3.1570.6 Â 10 À4 cm 2 (n ¼ 20).
Particular care was taken to verify that no change occurred in the membrane area in pool A throughout the experiments. The recordings were performed at 101C, using an amplifier connected via an A/D and D/A Digitata 1200 Interface (Molecular Devices, Sunnyvale, CA, USA) to a 486 DX2/66 personal computer. Pulse generation and data acquisition were controlled by pClamp6 software (Molecular Devices, Sunnyvale, CA, USA). The currents flowing in response to depolarizing command voltages were low-pass filtered at 10 kHz (Frequency Devices, Haverhill, MA, USA), visualized on an oscilloscope, and sampled at 20 kHz. According to standard procedures, leak and capacity currents could be subtracted by P/4 method. However, as this protocol modulates the effects of the drug by influencing the frequency of stimulation, it was rarely used. The leak currents never exceeded 1-3% of total sodium current and no fast kinetic analysis, which may be influenced by capacity current, was performed. In addition, no effect of any of the test compounds was observed on leak current. The acquired traces were analysed using Clampfit program (pClamp6 software package; Molecular Devices, Sunnyvale, CA, USA).
Solutions and drugs
The compounds tested and shown in Table 1 were
The abbre-viated nomenclature used throughout the text was assigned at the time the compounds were synthesized and is, therefore, arbitrary. Mex was purchased from Sigma (Milan, Italy). All the metabolites, prepared as hydrochloride or hydrobromide salts, were synthesized in our laboratories according to the procedures described in detail elsewhere (Catalano et al., 2004) . All compounds were synthesized as racemates, with the exception of PHM synthesized as pure R-and S-enantiomers. Racemates of PHM metabolite, to be tested on I Na max , were obtained by exactly mixing equimolar solutions of the single enantiomers. HMM was also synthesized as pure R-and S-enantiomers and NHM as pure Renantiomer. Drugs were readily soluble in the physiological solution; fresh stock solution was daily made and diluted as required. The pH of the drug-containing solutions was carefully monitored to be within the physiological range of 7.2-7.4; however, no pH correction was necessary.
Pulse protocols description
The curves describing the voltage-dependence of the sodium current (I/V curve) were constructed with a cycle of 10 ms test pulses from the holding potential (HP) of À100 mV to increasing potentials (from À70 to þ 60 mV). The intervals between each test pulse were long enough (B3 s) to allow complete recovery of sodium channel from inactivation, of particular importance during exposure to drugs (De Luca et al., 2000) . The effectiveness of the clamp was estimated by the lack of shift occurring in the potential for achieving the maximal sodium current (V max ) in controlled conditions (i.e. in the absence of any compound) for at least 15 min after solution equilibration. Similarly, the possible effect of the test compounds on the activation process was evaluated by measuring the values of both V max and V 1/2 , the potential at which one-half of the channels are activated. The activation curve was constructed from the current-voltage relationship by converting current to conductance: the current amplitude was divided by the driving force (VÀV Na ), where V is the potential applied to the fibre and V Na is the equilibrium electrochemical potential for sodium ions. Activation curves were fitted with the Boltzmann equation
where G is conductance, G max is the maximal conductance, K is the slope factor and V is the voltage at which G is observed. The HP of À100 mV was chosen being close to the resting membrane potential of frog striated fibres and thus allowing the measurement of tonic block, that is, the amount of block of sodium channels on a quiescent excitable tissue, or during low-frequency stimulation. The tonic block was estimated from the I/V curve as the per cent reduction of I Na at the potential of À20 mV (De Luca et al., 1997 . Also, the ratios between the mean value of the tonic block of peak I Na and that calculated on the area under the transients have been determined, as a greater block on the area versus peak would be predictive of an additional block by drug occurring during channel opening (De Luca et al., 1997) . To evaluate the voltage-dependent effect of each drug that would reflect the binding to the channel in the resting and/or inactivated state, we used a pulse protocol of infrequent depolarizing stimulation to À20 mV for 10 ms from two different HP values: very negative (À140 mV), and depolarized, resembling a pathological condition (À70 mV) as described previously (De Luca et al., 2000 . The evaluation of concentration-dependent effects of the drug, expressed as half-maximal blocking concentration (IC 50 ), at À140 mV allowed calculation of the affinity constant for the resting state (K r ). The IC 50 value calculated from the HP of À70 mV is influenced both by the higher proportion of channels entering a closed-state inactivation at this potential Abbreviations: HMM, hydroxy-methyl-mexiletine; Log P, log of the octanol/water partition coefficient; Mex, mexiletine; NHM, N-hydroxy-mexiletine; NMG, N-carbonyloxy b-D-glucuronide; PHM, p-hydroxy-mexiletine; pKa, ionization constants.
The pKa values refer to the amine group of the drugs. Log P and pKa values were obtained as described in Methods.
and by the potential ability of the drug to modify this proportion in favour of more channels being inactivated, if acting as an inactivated channel blocker. The voltagedependent block exerted by the drugs was used to estimate the affinity constant for the inactivated state (K i ) using the above IC 50 values, the relative distribution of channels in the resting and/or inactivated states at the HPs used (from the steady-state inactivation (hN) curve), as described below. The use-dependent behaviour of each compound, a characteristic that strongly influences the therapeutic profile of a sodium channel blocker owing to its increased potency during high-frequency depolarization, was evaluated with 30 s trains of depolarizing 10 ms test pulses from the HP of À100 to À20 mV at frequencies of 0.5, 1, 2, 5 and 10 Hz. In the absence of drug, no frequency-dependent change in current amplitude is observed, demonstrating that no physiological inactivation accumulates in these experimental conditions. In contrast, in the presence of the drug a frequency-dependent reduction of the current is observed. The value of the current at equilibrium, normalized with respect to the current in the absence of drug, after the train at the highest frequency, 10 Hz, was used to calculate the potency of the drug for use-dependent block of the channels and compared with the tonic block. Recovery from inactivation was also estimated by evaluating the steady-state current amplitude at each frequency. In fact, for each train, the current transients recorded at the steady state were considered to be owing to the fraction of channels that had recovered from inactivation during the intervals between the pulses. The longer the interval between pulses, the greater the number of channels that recover, until an equilibrium is reached according to the time course of the process. Thus, the value of current at the steady state, at each frequency normalized with respect to the maximal steady-state current obtained at the longest interpulse interval, is used to calculate the time course of recovery from inactivation (De Luca et al., 1997) .
The hN curves were determined by use of a recurrent protocol of pulse sequences. Each sequence consisted of a conditioning pulse to À140 mV, a prepulse of 1000 ms duration and the 10 ms test pulse to À20 mV; after a pause of 3 s, the sequence was cyclically repeated 18-20 times with the prepulse potential value increased each time by steps of 5 mV (De Luca et al., 1995 , 1997 .
A more detailed evaluation of absolute K i was obtained from the voltage-dependent distribution of the channels in the resting (h) and inactivated state (1Àh) according to the hN curve, using the equation 1/K À70 ¼ h/K r (1Àh)/K i , where K À70 and K r are the IC 50 values obtained from dose-response curves at À140 and À70 mV, whereas h and (1Àh) represent the fraction of channel present at resting and inactivated state at À70 mV, respectively (Bean et al., 1983; .
Data analysis and statistics
The data are expressed as mean7s.e.m. The IC 50 values, in the various experimental conditions, were determined by using a non-linear least-squares fit of the concentrationresponse curves to the following logistic equation:
where Effect is the percentage change of I Na ; À100 is the maximal percentage block of I Na ; K is IC 50 ; n is the logistic slope factor; and [drug] is the molar concentration of the compound (De Luca et al., 1997 .
The hN curves have been fitted with a single Boltzmann equation, and the potential at which 50% of the sodium channels were inactivated (Vh 1/2 ) was calculated at the inflection point of the curves (De Luca et al., 1995 .
Statistical significance of differences between couples mean values has been estimated by unpaired Student's t-test and considered significant for Po0.05. The statistical significance between IC 50 values7s.e., obtained from the fit, was also evaluated by Student's t-test: the number of d.f. equal to the total number of preparations determining each point of the curve minus the number of means determining the curve minus two for the free parameters (De Luca et al., 2000) .
The measurements of ionization constants (pKa) and lipophilicity were performed on a Sirius GLpKa analyzer for pH-metric pKa and log of the octanol/water partition coefficient (log P) (Sirius Analytical Instruments Ltd, Forest Row, UK).
Correlation analysis was evaluated by fitting the experimental data to linear regression analysis. Non-linear equation fitting and processing for data graphics were carried out by Fig 
Results
Tonic and use-dependent block of Na þ channels by major metabolites of Mex The chemical structures and physicochemical parameters of Mex and its metabolites are showed in Table 1 . In particular, the introduction of a hydroxy group in the para position or on the methyl group of the aromatic ring, as in PHM and HMM, leads to the greatest decreased of the log P-values from 2.5770.01 of Mex to 1.5370.01 and to 1.1570.01, respectively. The tonic block exerted by each compound, that is, the block of sodium channels on quiescent tissue, was evaluated by estimating the reduction of nearly maximal I Na obtained with a depolarizing step of À20 mV from the HP of À100 mV (Figure 1 ), during the construction of the currentvoltage relationship (I/V) curve. As already observed with Mex (De Luca et al., 1997), the metabolites did not modify the pattern of the I/V curve, as can be seen in Figure 2a , which shows the I/V curve obtained in the absence and presence of 300 mM HMM. In fact, HMM reduced the sodium current at all voltages and did not modify the voltage at which current amplitude was maximal (À3572.9 versus À33.371.7 mV of control). In parallel, the voltage dependence of the activation curve was not modified by the metabolite, the V 1/2 being À48.672 versus À49.771.1 mV (Figure 2b , n ¼ 3). A similar behaviour was observed with both PHM and NHM (data not shown). However, all the Mex metabolites were less potent than the parent compound at producing a tonic block of I Na . As it can be seen in Figure 1 , 300 mM of PHM and HMM produced a tonic block (48.072.9%, n ¼ 5 and 34.875.4%, n ¼ 4, respectively) lower than that observed with 100 mM of Mex (59.271.4%, n ¼ 5). The NHM metabolite was even less potent in producing a tonic block, causing a 26.377.6% (n ¼ 4) block at 500 mM. The concentration-response curves demonstrating the tonic block by metabolites were significantly shifted to the right with respect to that of Mex with the following order of potency: PHM4HMM4NHM (Figure 3a) . The IC 50 values showed that PHM, HMM and NHM were 4, 5.5 and 9 times less potent than Mex, respectively (Table 2 ). In addition, the ratios between the per cent block of I Na max calculated at the peak and that calculated on the area (Peak/Area) were always close to unity, indicating that these compounds do not act through an open-channel block mechanism (data not shown) (De Luca et al., 1997) .
Use-dependent behaviour, which strongly accounts for the clinical activity of Mex, was estimated for each metabolite. For each frequency of stimulation, the HP of À100 mV was again chosen being close to the physiological resting membrane potential, but negative enough to allow almost all of the sodium channels to be in the resting state (see Figure 6 following paragraph), an important condition as the use-dependent block can be strongly enhanced by the highaffinity binding of drugs to the inactivated channels, predominating at less negative potentials. All the hydroxylated metabolites maintained a use-dependent behaviour, as a frequency-dependent increase in the potency for blocking I Na max was clearly observed. The concentrationresponse curves of the three hydroxylated metabolites, obtained at the frequency of 10 Hz, were also shifted to the right with respect to that of Mex. However, the order of potency was different from that found for the tonic block being HMM4PHM4NHM (Figure 3b ). As can be seen in Table 2 , the HMM showed the greatest use-dependent behaviour, with a ratio (IC 50 tonic block/IC 50 10 Hz usedependent block) of 6.3. The high use-dependent behaviour of HMM is paralleled by a high estimated pKa value (9.1270.01) with respect to other analogues (Table 1) .
Interestingly, the NHM metabolite maintained a usedependent behaviour almost comparable to that of Mex and PHM (around 3), although it was still the less potent, in absolute terms, of the analogues. Figure 1 Na þ current transients recorded in the absence and in the presence of 100 mM Mex, 300 mM PHM, 300 mM HMM, 500 mM NHM and 1 mM NMG. In each group of traces, the greatest one has been recorded in the absence of drug, with a depolarizing step from the HP of À100 to À20 mV for 10 ms. A similar depolarizing stimulus applied after the application of each compound allowed to estimate the tonic block exerted by the drug (middle traces). The smallest current traces correspond to the residual current at end of the 10 Hz stimulation protocol. I Na recorded in the absence (filled circles) and in the presence of 300 mM HMM (filled squares). The voltage at which current amplitude was maximal (V max ) was À33.371.7 mV in control and À35.072.9 mV in the presence of drug. Each data point shows the mean and s.e. of the mean for three fibres. (b) Steady-state activation curves constructed in the absence and in the presence of 300 mM HMM. Activation curves were fitted by Boltzmann equation, as described in Methods, with half-activation potential (V x ) value À46.970.4 mV in control and À44.970.6 mV in the presence of drug. Each data point shows the mean and s.e. of the mean for three fibres.
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As already mentioned, the use-dependent behaviour is a complex dynamic process involving the kinetics of drug binding to and unbinding from the channel in relation to both state-dependent drug affinity and physicochemical properties. To gain insight into this dynamic process, the recovery from inactivation of drug-bound channels was determined (see Methods). This process occurred with a monoexponential time course for all the compounds tested and was clearly concentration dependent; the process took longer at higher concentrations, evident from the time constant values shown in Figure 4 . As can be seen, HMM that is characterized by the highest use-dependent behaviour also exhibited the slowest time constants. For instance at 300 mM, the concentration close to IC 50 for tonic block, HMM had a time constant (t) of 1.1570.16 s, significantly longer than t of an equieffective concentration of PHM (0.6370.15 s). Interestingly, Mex and PHM showed similar use-dependent behaviour and had similar t values at equieffective concentrations. In contrast, NHM had faster kinetics than the other compounds, which is possibly related to its different pKa value (Table 1) . This, along with the resultant lower affinity, probably accounts for the less striking concentration dependence of its t (Figure 4b ).
The profile of the metabolites was also accompanied by a certain degree of stereoselectivity. The PHM produced a weak stereoselective tonic and use-dependent block, the R-enantiomer being 1.3 times more potent than the S-one. The HMM metabolite produced a significant stereoselective tonic block, with the calculated IC 50 values being 492.477.2 and 282.1723.2 mM for R-and S-HMM, respectively (Po0.01). However, when the stimulation frequency was increased the stereoselectivity of HMM was attenuated, as previously observed with Mex and as expected by the long-time constant for recovery from inactivated sodium channel (De Luca et al., 1997) . In fact, the eudismic ratio [IC 50 distomer/ IC 50 eutomer] of HMM decreased from 1.75 for tonic block to 1.3 at 10 Hz. The NHM metabolite was devoid of stereoselectivity for both tonic and use-dependent block (data not shown). Figure 3 Concentration-response curves for tonic (a) and 10 Hz use-dependent block (b) of Na þ currents obtained with Mex and its metabolites PHM, HMM and NHM. Each point shows the per cent block of I Na observed in the presence of each concentration of drug versus I Na in the absence of the drug in the same fibre and is the mean7s.e.m. from three to seven fibres. The curves fitting the experimental points were obtained using the logistic function described in Methods. 
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Under the present experimental conditions, the NMG metabolite exhibited a very low potency in producing both tonic and use-dependent block, at all frequencies applied, with respect to hydroxylated metabolites. In fact, the IC 50 values of this product for 10 Hz use-dependent block was greater then 500 mM (see Table 2 ).
Voltage-dependent block and effect of the major metabolites of Mex on steady-state inactivation of Na þ channels
In view of the different use-dependent behaviours of the various hydroxylated metabolites, we investigated their channel state-dependent affinity further. For each hydroxylated metabolite, we constructed concentration-response curves for the block produced at two different HP, À140 and À70 mV (Figure 5 ), in conditions of low-frequency stimulation. Table 3 shows that the scale of the potency of the metabolites for binding the resting channels (K r ), evaluated at À140 mV of HP, was the same as that found for tonic block at À100 mV. A great increase in potency, up to 30 times, was observed when the HP was held at À70 mV (K À70 ). However, a different order of potency was again found being Figure 5 Concentration-response curves obtained with Mex and its metabolites PHM, HMM and NHM, constructed at the HPs values of À140 and at À70 mV. The curves fitting the experimental points were obtained using the logistic function described in Methods and allowed the calculation of the IC 50 values (in Table 3 ). Each value is the mean7s.e.m. from four to seven fibres of the percentage block of I Na in the presence of each concentration of drugs versus I Na in the absence of the drug in the same fibre.
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From the values of K r and K À70 , their affinity for the inactivated state was calculated (as described in detail in Methods). For all compounds, the K i values calculated were markedly lower than the K À70 , given the contribution of the resting-state binding at À70 mV (Table 3) . As expected for inactivating sodium channel blockers, all the derivatives tested shifted the steady-state channel availability (hN curves) towards more negative potentials. For each compound, the shift of the hN curves was clearly concentration-dependent and related to the potency in blocking I Na max . Mex produced a greater shift of the hN curves (taken as DVh 1/2 ) than its metabolites. Among the hydroxylated metabolites, the NHM, which was less potent at blocking sodium channels, was also less effective in shifting the hN curves towards more negative potentials. For example, 500 mM of NHM produced a shift in the hN curves (14.771.4 mV, n ¼ 4) similar to 300 mM of PHM and HMM (10.271.1, n ¼ 6 and 10.471.4, n ¼ 5, respectively). The shift of the hN curves, produced by 1 mM of NMG was very small (3.170.5 mV, n ¼ 3) (Figure 6 ). For HMM and PHM, as well as for Mex, the shift was accompanied by a decrease in the slope factor (see legend of Figure 6 ), indicative of a difference in voltage dependence of inactivation. It is worth noting that the change in slope was observed with those drugs having the longest time constant for recovery from inactivation and the greatest use dependence. Thus, we cannot exclude the possibility that this phenomenon could be owing to a dynamic interaction of drug coming off and going on during the conditioning pulse, although the latter should be long enough to minimize these events.
All these observations suggest that, in our system, the inactivated channel block by the phase I metabolites tested has a dominant role, but is not the only determinant, in this use-dependent phenomenon.
Discussion
In the present study, we investigated the pharmacological effects of the metabolites of Mex, as relatively little information exists about their pharmacodynamic properties. In fact, some of the Mex metabolites have a pharmacokinetic profile comparable to that of parent compound (Paczkowski et al., 1990) and may therefore significantly contribute, if still active, to the clinical efficacy of Mex.
Progress in the clinical pharmacology of antiarrhythmic agents is the recognition that the therapeutic profiles of several drugs are influenced by pharmacologically active metabolites produced during hepatic biotransformation. N-acetyl-procainamide is the best-known example of an active metabolic product, which strongly influences the pharmacological profile of its parent drug to treat ventricular arrhythmias (Roden et al., 1980) .
The main finding of the present work is that, despite the differences in potency, the hydroxylated metabolites of Mex tested are able to act as inactivating sodium channel blockers in skeletal muscle.
The therapeutic profile of local anaesthetic (LA)-like drugs is defined by their potency, which is an indicator of their affinity for the receptor site on the sodium channel, and by their use-dependent behaviour, which is indicative of their effect on conditions involving pathological hyperexcitability, such as myotonic syndromes and periodic paralyses (Catterall, 1987) . Lipophilicity can contribute to drug potency, firstly, by facilitating simple drug diffusion through the membrane, and secondly, by enhancing the drug binding to hydrophobic pockets in the channel protein (Catterall, 1987; Courtney 1990; Sheldon et al., 1991; De Luca et al., 2000) .
Phase I metabolic reactions convert Mex to more watersoluble metabolites, which should be eliminated much faster than the parent compound, although results from the studies available do not support their more rapid excretion (Beckett and Chidomere, 1977b) . However, with respect to the role of lipophilicity in drug potency, the present data show that the hydroxylated metabolites, considered to be the major products of Mex, are less potent at inducing both tonic and resting block than Mex. A direct comparison between two metabolites with the hydrophilic group on the aryloxy moiety (HMM) or in para position of the aromatic ring (PHM) shows that PHM is about 1.3-fold more potent than HMM in producing the tonic block, the former being more lipophilic (1.53 versus 1.15). However, the NHM metabolite with a hydroxy group linked to the pharmacophore amino-terminal group was the least potent, in spite of its lipophilicity being comparable to that of Mex. In fact, no linear correlation was found between potency and log P when all the compounds were considered (r 2 ¼ 0.126), corroborating the idea that the degree of lipophilicity, although important, is not the sole determinant of drug potency. This latter is also determined by structural modifications at the level of chemical groups directly involved in drug binding, as extensively demonstrated by our previous structure-activity relationship studies with Mex and tocainide analogues (De Luca et al., 1997 . A Phe1764 and Tyr1771, in the D4-S6 transmembrane segment of Pharmacology of the major mexiletine metabolites M De Bellis et al Figure 6 Steady-state inactivation curves constructed in the absence and in the presence of Mex and of its metabolites. At each membrane potential is shown the current amplitude normalized to the I Na max value obtained at À140 mV. Each point is the mean7s.e.m. from three to five fibres. Curves were fitted by a single Boltzmann distribution as described in Methods that allowed to calculate the Vh 1/2 . Owing to certain variability between controls, the effect of each metabolite, in terms of Vh 1/2 and its shift, has been evaluated with respect to the control hN curve recorded in the same fibre. (Ragsdale et al., 1994; Nau et al., 1999; Wang et al., 2000; Yarov-Yarovoy et al., 2001 , 2002 . Accordingly, the presence of a hydroxy group in the 4th position or on the methyl group in the 2nd position of the aromatic ring, as PHM and HMM, other than reducing lipophilicity, can weaken the hydrophobic p-p interaction with the aromatic residues on D4-S6, that is, by changing the electronic clouds or the steric hindrance. Similar results obtained with the b-antagonists propanolol and nadolol and with the b-agonist salbutamol suggested the presence of two hydroxy groups on the aromatic moiety of the drugs as a molecular requisite for impeding sodium channel block . In this respect, the hydroxylation of the pharmacophore amino group in NHM is very important because it significantly modifies the ionization state (pKa ¼ 5.1270.02) and consequently weakness the p-cation interaction with the abovementioned amino-acid residues during state-dependent block. In fact, as already stated, this metabolite shows a relatively high log P, but it is the least potent blocker of the phase I products. Furthermore, the change in the pKa can in turn contribute to the decrease in use-dependent behaviour, by affecting drug ability to gain access to and egress from the receptor through the hydrophilic pathway of the open channel (De Luca et al., 1997; Catterall, 2002; Liu et al., 2003) . Accordingly, in this study, we confirmed that the high use-dependent behaviour is paralleled by a high estimated pKa value. In addition, the PHM and HMM metabolites produced a weak stereoselective block of I Na thus minimizing the role of individual enantiomers in the pharmacological profile of each metabolite. It is well known that glucuronide conjugates represent one of the major types of naturally occurring phase II metabolites of xenobiotics and endobiotics. The process underlying their formation plays a significant role in drug metabolism and modulates both the duration and intensity of the effects of many drugs. In most cases, the glucuronide, very watersoluble and totally ionized in plasma and urine, results in an inactive or poorly active compound (Lanchote et al., 1999) . In the present study, glucuronidation resulted in almost complete abolition of the pharmacological activity of Mex.
Finally, our results show that the hydroxylated products of Mex tested are pharmacologically active and retain the ability to block skeletal muscle sodium channels. As their potency for both tonic and resting block is markedly decreased compared to that of parent compound, it is predicted that they have a minor residual effect on normal excitability. However, it should be noted that both PHM and, especially, HMM exhibit marked use-dependent behaviour. Accordingly, the HMM metabolite may significantly contribute to the clinical profile of Mex, as it shows the most favourable ratio between tonic and use-dependent block along with pharmacokinetic properties similar to those observed for the parent compound (Paczkowski et al., 1990) . However, more detailed pharmacokinetic studies in vitro and in vivo are needed to validate the possibility that these metabolites are of therapeutic value for the treatment of chronic diseases.
In addition, it is important to realize that tissue-specific sodium channel isoforms have different intrinsic sensitivity to LA-like drugs and specifically to Mex, the cardiac isoform being more potently blocked than neuronal or skeletal muscle isoforms (Catterall, 1987; Kawagoe et al., 2002) . Thus, any definitive conclusion regarding clinical or toxicological aspects of Mex metabolites requires a careful monitoring of their effect on different channel isoforms.
